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ABSTRACT Isothermal titration calorimetry was used to monitor the energetic landscape of a catalytic RNA, speciﬁcally that
of the hepatitis delta virus ribozyme. Using mutants that isolated various tertiary interactions, the thermodynamic parameters
of several ribozyme-substrate intermediates were determined. The results shed light on the impact of several tertiary interactions
on the global structure of the ribozyme. In addition, the data indicate that the formation of the P1.1 pseudoknot is the limiting step
of the molecular mechanism. Last, as illustrated here, isothermal titration calorimetry appears to be a method of choice for the
elucidation of an RNA’s folding pathway.INTRODUCTION
An RNA molecule possesses a hierarchical structure in
which the primary sequence determines the secondary struc-
ture, which, in turn, determines the tertiary folding in a pro-
cess that only minimally alters the secondary structure but is
essential in the formation of an active three-dimensional
structure. Several approaches permit the identification of
the tertiary interactions within an RNA molecule (1); how-
ever, their contribution, in terms of energy, to the global
structure remains unknown. Isothermal titration calorimetry
(ITC) is a powerful technique for studying the thermody-
namics of bimolecular interactions (2). When substances
bind, heat is either generated or absorbed. Measurement of
this heat leads to a complete inventory of the energetic pa-
rameters of the molecular interaction in a single experiment
(i.e., DH, DS, and DG). ITC offers the advantage of being
a true ‘‘in-solution’’ method because there is no chemical
tagging or immobilization of binding components. It is
widely used in the field of protein science, but its application
in RNA science remains in its infancy (3): to date only sim-
ple RNA duplexes and helical junction formation have been
studied using this technique (4–7). In the work presented
here, ITC was extensively applied to the analysis of the ter-
tiary interactions taking place within the catalytic center of
an RNA enzyme.
Both the genomic and antigenomic hepatitis delta virus
(HDV) RNA strands include a self-cleaving RNA motif
that generates 20-30-cyclic phosphate and 50-hydroxyl termini
(see Shih and Been (8) and Bergeron et al. (9). According to
the pseudoknot model secondary structure, which is well
supported by experimental data, the self-cleaving RNA
strands are composed of one stem (the P1 stem), one pseudo-
knot (the P2 stem), two stem-loops (P3-L3 and P4-L4), and
three single-stranded junctions (J1/2, J1/4, and J4/2; see
Fig. 1). Both the J1/4 junction and the L3 loop are single-
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involved in the formation of a pseudoknot that consists of
two Watson-Crick basepairs involving pairing between the
cytosines located in positions 24 and 25 and the guanosines
located in positions 40 and 41 (10). The P2 and P4 stems are
located on each side of the catalytic center and only play
a structural role (8,9). The catalytic center is formed by the
P1 stem, the P1.1 pseudoknot, P3-L3 stem loop, and the
J4/2 junction that includes the catalytic cytosine (i.e.,
C-76). Both x-ray diffraction and nuclear magnetic reso-
nance experiments have provided high-resolution informa-
tion on the tertiary structure of the HDV catalytic RNA
(11–13). Briefly, the catalytic core is formed by two coaxial
helices resulting from the stacking of the P1/P1.1/P4 stems
and of the P2/P3 stems (Fig. 1 A). Several other biochemical
approaches, including chemically synthesized ribozymes
(Rzs) and substrates with site-specific functional modifica-
tions, cross-linking experiments and fluorescence spectros-
copy, to name only a few examples, have been used to
identify the important chemical groups within the catalytic
center as well as to reveal the interactions that are taking
place during folding (14–19).
The self-cleaving sequence has been divided into two mol-
ecules, one of which is a ribozyme (HDV Rz) that possesses
the catalytic properties required to successively cleave sev-
eral molecules of substrate (S) (see Fig. 1). In most cases,
this was achieved by removing the J1/2 junction, although
other versions of the Rz have also been reported. The use
of the trans-acting version has facilitated the study of the
molecular mechanism of the HDV Rz, as well as permitted
the elucidation of its complex kinetic pathway. Briefly, the
Rz binds its substrate through the formation of the P1
stem, producing a Rz-substrate complex (RzS). This step is
magnesium independent, and requires at the very least the
presence of monovalent ions (20). Next, upon the addition
of magnesium ions, several structural transitions occur that
have been shown to be essential for the formation of an
active RzS ternary complex (21; see also Results and
doi: 10.1016/j.bpj.2008.09.033
HDV Ribozyme Energetic Landscape 133Discussion section). Finally, once the C-76 is positioned near
the scissile phosphate, an acid-base catalysis takes place
(22).
Importantly, the network of interactions that evolve along
the folding pathway of the HDV Rz provides a highly or-
dered catalytic center, as is revealed by the crystal structure
(11,12). This conclusion receives physical support from sev-
eral unusual properties of the self-cleaving RNA motifs (23).
For example, it is extremely stable, possessing an optimal re-
action temperature of ~65C, and retains activity at temper-
atures as high as 80C and in buffers containing 5 M urea.
Unlike the hammerhead Rz, the HDV Rz does not appear
able to easily access alternative folding pathways. Most
likely this is because of the comparatively limited flexibility
of the HDV Rz’s tightly packed tertiary structure. Clearly,
this makes HDV Rz an ideal candidate with which to inves-
tigate the potential of ITC to document the folding pathway
of an RNA molecule.
FIGURE 1 Structure and cleavage activity of the HDV Rz. (A) Secondary
structure and nucleotide sequence of the HDV Rz derived from the antige-
nomic hepatitis delta virus genome. The dotted line corresponds to the
J1/2 junction that has been removed in the trans-acting Rz. The numbering
system is that of Shih and Been (8), and the representation of the structure is
in accordance with Lescoute and Westhof (30). The arrow indicates the
cleavage site. (B) Fraction of substrate cleaved as a function of the reaction
time. The inset shows an autoradiogram of a denaturing polyacrylamide gel
of the cleavage reaction. The position of the bromophenol blue dye (BPB),
the substrate (S), and the product (P) are indicated. From left to right, the
aliquots were removed after 2, 5, 10, 25, and 60 min.MATERIALS AND METHODS
Rz and substrate synthesis
The Rzs were synthesized by in vitro transcription. Briefly, the trans-acting
Rzs’ DNA templates were prepared by PCR using Pwo DNA polymerase
(Roche Diagnostics, Basel, Switzerland), an oligonucleotide that included
the T7 RNA promoter followed by the full-length sequence of the desired
Rz and an oligonucleotide complementary to the T7 RNA promoter.
In vitro transcription reactions were carried out at 37C for 2 h in a final vol-
ume of 100 mL containing 200 pmol of DNA template, 15 units of RNA
Guard (Amersham Biosciences, Piscataway, NJ), 80 mM HEPES-KOH
(pH 7.5), 24 mM MgCl2, 2 mM spermidine, 40 mM DTT, 5 mM of each
NTP, 0.01 units of yeast pyrophosphatase (Roche Diagnostics), and 10 mg
of purified T7 RNA polymerase. The transcripts were then DNase treated,
ethanol precipitated, ethanol washed, dissolved in water, and purified on de-
naturing 8% polyacrylamide gels (19:1 ratio of acrylamide to bisacrylamide)
using 50 mM Tris-borate (pH 7.5), 8 M urea, and 1 mM EDTA solution as
running buffer, and formamide dye (95% formamide, 10 mM EDTA,
0.025% bromophenol blue and 0.025% xylene cyanol) as loading buffer.
The reaction products were visualized by UV shadowing, and the bands cor-
responding to the correct sizes were excised. The transcripts were eluted
from the gel slices, the RNA ethanol precipitated, and the quantity of nucleic
acid determined by spectroscopy at 260 nm. Substrate and the SdC4 analog
were purchased from Integrated DNA Technologies (San Diego, CA) and
were purified by PAGE as described above.
RNA radioactive labeling
Purified substrates were dephosphorylated using 5 units of Antartic phos-
phatase as described by the manufacturer (New England BioLabs, Ipswitch,
MA). The dephosphorylated RNA (5 pmol) was 50-end-labeled by incuba-
tion with 5 units of T4 polynucleotide kinase (Amersham Biosciences) in
a final volume of 10 mL containing 1.6 pmol [g-32P]-ATP (6000 Ci/mmol,
Amersham Biosciences), 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2,
50 mM KCl at 37C for 2 h. The reactions were stopped by adding formam-
ide dye, and the RNAwas purified by denaturing PAGE electrophoresis. The
bands of the correct sizes containing the 50-end-labeled RNAs were excised,
and the RNA was recovered as described above.
Cleavage assays
Cleavage reactions were carried out in 20-mL reaction mixtures containing
50 mM Tris-HCl (pH 7.5) and 10 mMMgCl2 at 37
C under single-turnover
conditions ([Rz]>>[S]). Before the reaction, trace amounts of 50-end-
labeled substrates (<1 nM) and nonradioactive Rzs (100 nM) were mixed
together, heated at 80C for 1 min, snap-cooled on ice for 2 min, and then
incubated at 37C for 5 min (except in the case of the temperature-depen-
dence experiment). The cleavage reactions were initiated by the addition
of MgCl2. Aliquots (2 mL) were removed at various times up to 1 h and
were quenched by the addition of 10 mL of formamide dye buffer. The mix-
tures were fractionated on denaturing 20% PAGE gels and exposed to Phos-
phorImager screens (Molecular Dynamics, Sunnyvale, CA). The extent of
cleavage was determined from measurements of the radioactivity present
both in the substrate and in the 50-product bands at each time point using
the ImageQuant software. The fractions of cleaved substrate were deter-
mined, and the rate of cleavage (kobs) obtained by fitting the data to the equa-
tion At ¼ A0(1 ekt), where At is the percentage of cleavage at time t, A0 is
the maximum percentage cleavage (endpoint), and k is the rate constant
(kobs). Each rate constant was calculated from at least two independent mea-
surements. Kinetics assays were performed using various Rz concentrations
(5 nM to 400 nM). The values of kobs obtained were plotted as a function of
the Rz concentration to determine the other kinetic constants (k2 and KM0).
Under multiple-turnover conditions, the Rz (50 nM) was incubated in the
presence of various concentrations of substrate (50 nM to 5 mM). The values
of kobs obtained were plotted as a function of the substrate concentration.Biophysical Journal 96(1) 132–140
134 Reymond et al.Isothermal titration calorimetry
All ITC experiments were performed at 25C (except in the case of
the temperature-dependence experiment) with a reference power of
15 mcal s1 (the VP-ITC from MicroCal can measure energies ranging
from 0 to 35 mcal s1). Both the lyophilized substrate and the Rz were dis-
solved in buffer containing 50 mM Tris-HCl (pH 7.5) and 10 mM MgCl2.
Before the titration, the RNA samples were degassed for 10 min at 20C.
Exact RNA concentrations were verified using spectrophotometer readings
at 260 nm on extra RNA solution that remained after both syringe and
experimental cell filling. Substrates at a concentration of 50 mM were
used to titrate mutant Rzs at a concentration of 5 mM. The c values, which
are the ratios of the concentrations of the reactants in the sample cell to the
dissociation constants, were between 0.5 and 500 for each experiment (rep-
resenting the range in which useful data can be obtained (24,25)). Before the
initiation of an experiment, a short heat pulse was applied for internal
calibration of the apparatus. An initial delay of 60 s was used before the first
injection, and then 29 injections of 10 mL each at an injection rate of 0.5 mL
s1 (290 mL total injection volume), with the individual injections spaced
240 s apart, were performed, and the spectra were recorded.
Data from each experiment were analyzed using the single set of identical
sites model from Origin ITC software (MicroCal Software, Northampton,
MA). The point corresponding to the first injection was not considered be-
cause of the mechanical backlash in the screw that drives the syringe
plunger, which alters the volume of the injection. After correction of the
raw data for the dilution factor caused by each injection, the integration of
the resulting data provided the heat DQ(i) that had to be added or removed
to restore the thermal equilibrium between the experimental and reference
cells after each injection of substrate. The binding affinity KA (1/mol),
the stoichiometry (n), the enthalpy DH (cal/mol), and the entropy DS
(cal/mol$K) were calculated using the equation:
q ¼ vðDHÞ½RNA

KA½Lni
1 þ KA½Lni
 KA½L
n
i1
1 þ KA½Lni1

;
where q is the heat released, v is the known volume of the reaction, KA is the
association constant, and Li is the ligand concentration at the ith injection
(2). Relative Gibbs free energy (DG) was derived using the relation
DG ¼ DH  TDS:
All experiments were performed at least twice, and average values are
reported with errors. To compare changes in the substrate binding to the
different mutated Rzs, the differences in free energy values (DDG) were cal-
culated. Finally, the determination of the heat capacity (DCp) experiment
was performed using the Rz-A78U/A79U mutant and experimental temper-
atures ranging between 20C and 35C.
RESULTS AND DISCUSSION
HDV Rz folds into a tight structure that limits alternative
folding pathways (23). This fact was nicely illustrated by
preliminary experiments that showed that a version of the
trans-acting HDV Rz exhibited efficient cleavage of a small
substrate under single-turnover conditions ([Rz] >> [S];
Fig. 1). Trace amounts of 32P-50-end-labeled substrate
(<1 nM) were incubated in the presence of an excess of
Rz (100 nM), and the cleavage was monitored at 25C.
The 95% cleavage level was reached after <10 min of reac-
tion time, and the maximum cleavage level reached up to
97–98%. Identification of such an HDV Rz, specifically
one that showed almost complete cleavage, was a prerequi-
site to be able to subsequently perform ITC experiments.
Biophysical Journal 96(1) 132–140To further characterize this new version of the HDV Rz,
kinetic analyses were performed using 5 to 400 nM of Rz,
and the pseudo-first-order constants were determined at
25C. Catalytic constant (k2) and apparent Michaelis-Menten
(KM0) values of 0.635 0.03 min
1 and 18.75 2.2 nM, re-
spectively, were calculated. Kinetic analyses were also per-
formed under multiple-turnover conditions ([S]>>[Rz]),
conditions more relevant to those of the ITC experiments.
In this case, the Rz (50 nM) was incubated in the presence
of various concentrations of a mixture of 32P-end-labeled ra-
dioactive and nonradioactive substrates (50 nM to 5 mM).
This led to the determination of a catalytic constant (kcat)
of 0.79 5 0.06 min1 and a KM0 of 163 5 35 nM at
25C. The catalytic constants k2 and kcat in both conditions
were almost identical, although the KM0 under single-turn-
over conditions was 10-fold less than that observed under
multiple-turnover conditions (i.e., 18.7 nM compared to
163 nM, respectively). Similar catalytic constants and differ-
ent binding constants have been previously reported for an-
other version of HDV Rz at both 37C and 56C (26). Under
single-turnover conditions the KM0, which is the concentra-
tion of Rz at half-maximum rate, represents the apparent dis-
sociation constant of the RzS* complex (transition complex)
(26). Conversely, under multiple-turnover conditions, the ap-
parent KM is a measure of the Rz bound in any form to the
substrate (RzS, RzS0, etc.). The difference in KM0 between
the two conditions suggests that the RzS complex is under-
going a slow internal conformational rearrangement that
yields an RzS0 complex. Finally, the similarities of the cata-
lytic constant obtained are an indication that the rate-limiting
step was the same regardless of the conditions.
ITC monitoring of the Rz-substrate complex
formation
Analyses were performed by incubating the Rz in the ITC
experimental cell and then injecting the substrate (S) every
4 min for period of 2 h (see Materials and Methods section).
Both samples were in the same reaction buffer containing
50 mM Tris-HCl (pH 7.5) and 10 mMMgCl2, thereby avoid-
ing any mismatch buffer effect. Several other buffers were
tested, and similar results were obtained under the conditions
used in this study. The heat energy changes accompanying
both the RzS complex formation and the induced RNA-fold-
ing processes were detected for each peak as the power
(dq/dt, mcal$s1) required to maintain a zero temperature dif-
ference between the experimental and reference cells
(24,25). The heat energy change is dependent on the values
of the association constant (KA) for the RzS complex, the en-
thalpy (DH), the entropy (DS) and the stoichiometry of the
reaction (n). These parameters can be determined by fitting
the titration results to predetermined binding models and
then evaluating the relative Gibbs free energy (DG) (25).
Initially, we focused on the formation of the RzS complex,
that is, the formation of the P1 stem, to simplify the situation.
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mutant Rz-U23A, which prevents P1 stem docking, thereby
isolating the formation of the P1 stem (Fig. 2 A). Panel B of
Fig. 2 shows the raw ITC data for the sequential injection of
substrate into Rz-U23A Rzs at 25C, and the inset illustrates
the integration of each injection as a function of the molar ra-
tio of substrate. From these data, the stoichiometry (n) was
calculated to be 0.89 5 0.04, suggesting that, although the
folding process is interrupted at the first step, almost all of
the Rz molecules still bound a substrate molecule. In other
words, a single molecule of substrate bound to one molecule
of Rz. The KA for this RzS complex was determined to be
1.045 0.05  107 M1 (see Table 1). The inverse constant
(1/KA or KD), 9.6  108 M (i.e., 96 nM), is in the same
range as the KM determined under multiple-turnover condi-
tions. However, it is important to note that the significances
of the binding constants are not identical. The KM0 includes
all of the steps involved along the folding pathway, although
the most important, in terms of energy, is the formation of the
7-bp P1 stem.
For this mutant, DH and TDS values of60.15 0.9 kcal/
mol and 50.4 5 0.9 kcal/mol, respectively, were deter-
mined (Table 1). This corresponds to a calculated Gibbs
free energy value (DG) of 9.7 kcal/mol for the RzS com-
plex including the Rz-U23A mutant. This is a relative value
because the contribution of the Rz alone was subtracted.
Therefore, the unbound Rz and substrate have an arbitrary
DG value of 0 kcal/mol. To corroborate the results obtained
with the Rz-U23A mutant, an experiment using the active Rz
in the presence of NaCl (i.e., in the absence of any MgCl2),
FIGURE 2 ITC monitoring of the RzS binding step. (A) Schematic repre-
sentation of the secondary structure of the Rz-U23A mutant. (B) Raw data
for the sequential injections of substrate into Rz-U23A Rz at 25C. The inset
shows the integration of each injection as a function of the molar ratio of
substrate.conditions that also stop the folding after the formation of the
P1 stem, was shown to yield identical data (data not shown).
ITC experiments monitoring the formation of the
tertiary interactions
The folding pathway of HDV Rz has been divided into dis-
crete steps using mutants that halt the folding process in
intermediate conformations (see below). These stalled inter-
mediates provide a means with which to measure the thermo-
dynamic contributions of specific tertiary interactions to the
overall global folding, using ITC. Assuming that each inter-
mediate RzS structure represents a sequential step along the
folding pathway and that in solution it adopts a single, stable
structure, then the thermodynamics of the process can be
measured incrementally to determine precisely how each in-
teraction contributes to the formation of the complete, folded
Rz. Consequently, ITC monitoring was then performed with
all of the available mutants.
After the formation of the P1 stem in the RzS complex
(named RzS1 for convenience), there are four subsequent
steps that have been identified along the folding pathway
(for a review see Nehdi et al. (21)). Cross-linking experi-
ments demonstrated that the substrate is docked within the
catalytic center of the Rz (17). Specifically, it has been
shown that UV irradiation of a substrate including a 4-thio-
uridine led to the isolation of a subsequent RzS complex
(RzS2) possessing a novel covalent bond between the sub-
strate U-4 and either C-22 or U-23 of the Rz. It is because
of this that the Rz-U23A mutant permits the trapping of
the RzS1 complex, isolating the formation of the P1 stem
(Fig. 3 A). The docking of the P1 stem is followed by the for-
mation of the P1.1 pseudoknot that involves two guanosines
from the J1/2 junction and two cytosines from the L3 loop
(10,11). This new conformational transition leads to the for-
mation of the RzS3 complex. Mutating the two guanosines of
the J1/2 junction to adenosines prevents the formation of the
P1.1 pseudoknot and, consequently, isolates the RzS2 com-
plex (Rz-G40A/G41A) (10,21). After the formation of the
P1.1 pseudoknot, an A-minor motif forms between the aden-
osine residues of the J4/2 junction and residues from the P3
stem, yielding the RzS4 complex. More specifically, accord-
ing to the crystal structure established using the genomic ver-
sion of the HDV Rz (11), A-78 and A-79 of the J4/2 junction
form a base-triplet interaction in the P3-P1 junction and are
also involved in a two-tiered ribose-zipper interaction with
C-21 and C-22. Mutating the two adenosines from the J4/
2 junction to uridines traps the RzS3 complex that includes
the P1.1 pseudoknot (Rz-A78U/A79U) (21). Subsequent
to the formation of the RzS3 there is formation of the A-mi-
nor motif within the RzS4 (11,21). Deletion of U-77 led to
the formation of an inactive Rz that isolated a RzS4 that in-
cluded this motif (Rz-DU77) (21). Finally, there is the for-
mation of a trefoil turn at position U-77 that positions the
C-76 deeper inside the catalytic site (11). It has also been
Biophysical Journal 96(1) 132–140
136 Reymond et al.TABLE 1 Thermodynamic data for the mutated Rzs
Mutant n KA (M
1) DH (kcal/mol) TDS (kcal/mol) DG (kcal/mol)
Rz-U23A 0.895 0.04 1.045 0.05  107 60.15 0.9 50.45 0.9 9.75 0.1
Rz-G40A/G41A 0.935 0.02 1.185 0.08  107 54.35 0.6 44.65 0.5 9.75 0.1
Rz-A78U/A79U 0.915 0.03 3.145 0.35  106 50.95 0.2 42.05 0.2 8.95 0.2
Rz-DU77 0.885 0.05 3.915 0.29  106 69.75 2.4 60.75 2.2 9.05 0.1
Rz-C76A 1.045 0.05 2.535 0.05  107 40.75 0.6 30.45 0.6 10.35 0.1suggested that this step may be accompanied by basepair
switching at the bottom of the P2 stem (also see below).
The RzS5 complex that should include both conformation
transitions can be isolated using a mutation of the catalytic
cytosine that prevents the chemical step from occurring
(Rz-C76A) (26).
ITC monitoring was performed with all of the mutants
(i.e., RzS1 to RzS5), and the results are presented in Table 1.
The average stoichiometry between the Rz and the S was
found to be 0.935 0.11, supporting the notion of structural
homogeneity and the presence of a single binding site for the
substrate regardless of the intermediate in question. The KA
varied from 3.14 106 M to 2.53 107 M. This corresponds
to KD values of 300 to 40 nM, respectively, near the KM
value of 163 5 35 nM determined for the Rz at 25C. In
general, repetition of these experiments led to values that
varied by <10%. More importantly, for an experiment in
which several mutants were synthesized at the same time,the small differences were always consistently observed.
Analysis of both DH and TDS clearly illustrates that the fold-
ing pathway of HDV Rz is enthalpy-driven (Table 1). Specif-
ically, the enthalpy value determined for each RzS is always
larger than the corresponding entropy value.
More interesting is the analysis of the DG values (Table 1).
The DG values of the different complexes are in the same
order as the intermediates along the folding pathway, thus
essentially providing a representation equivalent to the prog-
ress of DG in time (Fig. 3 B). Alternatively, the DDG (i.e.,
the difference between the DG value of a particular complex
and that of the preceding one) were illustrated to isolate the
contribution of a specific interaction in terms of free energy
(Fig. 3 C). Together, these illustrations led to several obser-
vations. First, as expected, the formation of the P1 stem,
a secondary structure motif, is clearly more energetically
favored than is any tertiary interaction along the folding
pathway. Second, the overall DG tends to a net stabilizationFIGURE 3 ITC analysis of the tertiary structure interactions involved in the folding pathway. (A) Schematic representation of the secondary structure of
the various mutants. The mutations are circled using the same colors used to report the thermodynamic parameters. (B) Presentation of the DG values
for each mutant taking into account its position along the folding pathway; consequently, it represents the evolution of DG in terms of the RzS complexes.
(C) Representation of the DDG values for each mutant.
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HDV Ribozyme Energetic Landscape 137of 10.3 kcal/mol, but the contribution that occurs after P1
stem formation is limited to only 0.5 kcal/mol, indicating
that, after the formation of the P1 stem, the folding pathway
is a succession of small rearrangements. For example, the
docking of the P1 stem, which was isolated using the Rz-
G40A/G41A mutant that prevents the formation of the
P1.1 pseudoknot, gives a DG stabilization of only 0.08
kcal/mol (i.e., RzS2). Third, the formation of the two GC
basepairs of the P1.1 pseudoknot, which traps the substrate
inside of the catalytic center, appears to be a process that re-
quires energy even though a new stem is formed (RzS3). In
this case, the increase in order overcompensates for the exo-
thermicity of the new interactions. However, all subsequent
conformational transitions favor DG. Fourth, it is surprising
that the Rz-C76A mutant produced a significant reduction in
DG even though no interaction is known to occur inside the
catalytic center. This important reduction was confirmed by
the identical values obtained using the original Rz in the
presence of an uncleavable substrate analog containing a de-
oxyribonucleotide located at the cleavage site (SdC4; data
not shown). The last step includes both the basepair switch
at the bottom of the P2 stem and the formation of the trefoil
turn next to the catalytic cytosine. These two conformational
transitions are probably accompanied by extrusion of both
G-80 and U-77 outside the catalytic core (21). Most likely
moving these two nucleotides out of the catalytic center re-
duces the tension within the structure, thereby lowering the
DG of the system.
It should be noted that a possible explanation for the dif-
ference of the DG values might be if the ground states of
the free mutant Rz (i.e., in absence of substrate) are not sim-
ilar. To verify this hypothesis, ITC analyses were performed
for each mutant Rz in the presence of both the substrate and
100 mMNaCl (no MgCl2), conditions that also stop the fold-
ing after the formation of the P1 stem as mentioned previ-
ously (data not shown). If the ground states of the mutants
are different, we should observe differences between the
DG values, whereas if this is not the case, the DG values
should be virtually identical. Our experiments provided
DG values that showed differences that vary by <1%. These
small differences are within the error of the DG values. This
indicates that the differences in DG values observed previ-
ously were not the result of different ground states for the
various mutant Rzs. In any case, if differences in the ground
state existed, they minimally alter the DG values.
Altogether, these results show that the binding of the sub-
strate is affected by the tertiary interactions that take place
within the Rz. Finally, the analysis of both the DG and
DDG values also revealed that the limiting step of the folding
pathway is the formation of the P1.1 pseudoknot, which is
the only endothermic step of the pathway (Fig. 3, B and C,
RzS3 complex). This finding identifies the rate-limiting
step that was previously suggested, but not confirmed, to
be a conformational transition that takes place before the
chemical step (11,18,20).It should be noted that instead of using the ITC results, the
DG values can be calculated from the equilibrium constants
(KD) obtained from the binding shift assays using the sub-
strate and the multiple mutated Rzs. This technique yielded
values of KD that, on average, varied by 520%. Clearly,
these results have the potential of prompting false conclu-
sions when they are used to determine the DG values (see
Table S1 and Fig. S1 in the Supplementary Material).
Thus, binding shift assays appear to be insufficiently precise
to document a Rz’s folding pathway.
Temperature dependence
To further characterize the limiting step, mainly the forma-
tion of the RzS3 complex, experiments were performed using
the Rz-A78U/A79U mutant at various temperatures. These
experiments also aimed to verify whether or not the enthalpy
is temperature-dependent because the driving force could be
different as a result of temperature changes. Initially, cleav-
age activity experiments were performed at different temper-
atures under single-turnover conditions (i.e., [Rz] ¼ 100 nM
and [S] < 1 nM). The values of the rate constants (kobs) were
determined at several temperatures between 15C and 50C,
and an Arrhenius plot was drawn (Fig. 4 A). The optimal
temperature of the Rz was estimated to be 44C, which is
in good agreement with data reported for other versions of
the HDV Rz (27). This optimal temperature is relatively
low compared to those determined for the hammerhead Rz
(55C (27)). The relatively low optimal temperature is
most likely an indication that the inactivation of the Rz is de-
pendent on tertiary interactions rather than secondary struc-
ture unfolding, which would suggest a higher temperature.
The slope of the linear portion of the curve was then used
to estimate the activation energy (14.9 kcal/mol).
Subsequently, ITC experiments were performed at differ-
ent temperatures using the Rz-A78U/A79U mutant, which
isolates P1.1 pseudoknot formation, in the presence of
10 mM MgCl2. Specifically, the formation of the RzS
3 com-
plex was monitored at temperatures between 20C and 35C.
Both the enthalpy and entropy values are reported in Table 2.
Clearly, the DH value is larger than the TDS value at all tem-
peratures, showing that the limiting step of the folding path-
way is always enthalpy-driven. In fact, both parameters vary
proportionally as a function of the temperature. Plotting the
DH values at different temperatures yielded a linear depen-
dence with a slope of 3.1 5 0.3 kcal/mol$K (Fig. 4 B).
This value corresponds to the heat capacity (DCp), a measure
of the enthalpy as a function of the temperature (28). To de-
termine if this heat capacity is dominated by either the P1
formation or the tertiary interactions, DCp was also deter-
mined for the Rz-U23A. A DCp of 2.55 0.2 kcal/mol$K
was evaluated for this mutant. This indicates that the heat
capacity is dominated by the P1 formation. Each basepair
has an average contribution of 0.36 kcal/mol$K, which is
in good agreement with data reported for basepairs of
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the limiting step is enthalpy-driven regardless of the incuba-
tion temperature, at least for temperatures in the range where
the HDV Rz is active.
It might appear unexpected that the formation of the P1.1
pseudoknot is the limiting step because it involves the forma-
tion of two GC basepairs (i.e., six H-bonds), that is of
basepairs that are more stabilizing than the other tertiary in-
teractions. However, the formation of the pseudoknot may
require the disruption of several interactions between water
molecules and the RNA bases, which, on the surface, would
appear to be more important than the gain obtained from the
formation of the GC basepairs. Based on what is known for
FIGURE 4 Characterization of the temperature dependence of cleavage’s
kinetic parameters. (A) Temperature dependence of the rate constant (kobs).
The reactions were performed under single-turnover conditions at the indi-
cated temperatures. (B) Temperature dependence of the enthalpy (DH).
ITC experiments were performed as described previously using Rz-A78U/
A79U at the indicated temperatures. The DH values were plotted as a func-
tion of the temperature.
TABLE 2 Thermodynamic data for the Rz-A78U/A79U mutant
at various temperatures
T (K) DH (kcal/mol) TDS (kcal/mol) DG (kcal/mol)
293.2 30.85 2.1 21.55 2.2 9.3 5 0.2
298.2 50.95 2.6 42.05 2.7 8.9 5 0.3
303.2 59.25 4.2 50.05 3.9 9.1 5 0.4
308.2 79.35 3.1 69.35 2.8 10.05 0.2
Biophysical Journal 96(1) 132–140proteins, the physical origin of the RNA heat capacity is
mainly attributed to the water molecules released from aro-
matic surfaces during folding (29). This phenomenon occurs
when duplexes are formed, or stacked on top of each other,
and when single-stranded regions are involved in specific
motifs such as the P1.1 pseudoknot. In that sense, heat capac-
ity can be understood as an approximation of the extent of
the interaction network formed during the folding of an RNA
species.
Reﬁnement of the folding pathway using ITC
Between the formation of the ribose zipper motif and the
final positioning of the catalytic cytosine (C-76), two confor-
mational transitions occur, specifically the trefoil turn of the
uridine located at position 77 (U-77) and the switch of the
C19-G81 basepair to the C19-G80 basepair at the bottom
of the P2 stem. To evaluate the energetic contributions of
these two transitions, several mutations that prevent the for-
mation of the C19-G80 basepair were examined (data not
shown). One of these mutants resulted from the substitution
of U-80 for G-80 (Rz-G80U; Fig. 5 A). This mutant ex-
hibited only a residual cleavage activity (~4%; Fig. 5 B). Be-
cause cleavage occurred, this mutant could not be analyzed
using ITC because the release of the 50-product significantly
influences the data, specifically the entropy. Consequently,
a double mutant including the G80U substitution as well
as the C76A substitution was synthesized (Fig. 5 A). We ra-
tionalized that 96% of the RzS complex will be trapped at the
basepair switch step by the presence of the G80U mutation
and that the other 4% will be trapped at the subsequent
step by the C76A mutation. This Rz-G80U/C76A mutant
was completely deprived of any cleavage activity. ITC anal-
ysis of this mutant led to a DG value that was intermediate
between that of the Rz-DU77 mutant, which was proposed
to trap the RzS complex after the formation of the A-minor
motif, and the Rz-C76A mutant (see Fig. 5 C) but was closer
to the latter. Because the Rz-G80U/C76A mutant should per-
mit the formation of the trefoil turn, we suggest that this ter-
tiary motif has an important contribution in reducing the DG
value. However, this does not imply that the basepair switch-
ing is less important in terms of DG stabilization. We
hypothesized that, after the formation of the A-minor motif,
the more important issue is that both the trefoil turn and the
basepair switching are required to relax the catalytic center as
well as to position the catalytic cytosine.
CONCLUSIONS
This study shows that ITC permits documentation of the en-
ergetic landscape of the tertiary interactions taking place
along the folding pathway of a catalytic RNA species. Spe-
cifically, it provides the thermodynamic parameters for the
complete system and, consequently, the impact of a given
tertiary interaction on the global structure. Therefore, these
HDV Ribozyme Energetic Landscape 139values cannot be used directly for RNA structure prediction.
More importantly, ITC appears to be a method of choice with
which to characterize the bimolecular interactions of RNA
molecules, just as it is for proteins. In both cases the limiting
factor is the homogeneity of the complexes analyzed. HDV
Rz, which adopts a tightly packed tertiary structure, appears
suitable for ITC analysis. The formation of the network of in-
teractions within its catalytic center most likely drives the
folding pathway yielding homogeneous, or almost homoge-
neous, populations of RzS complexes (23). This hypothesis
received support from several pieces of physical evidence
of the study presented here including that the Rz exhibited
cleavage at almost completion and that all ITC curves were
well fitted using single-site binding models. However, it is
an important assumption that needs to be verified for any
other RNA species subject to ITC analysis.
In the case of the HDV Rz, ITC shows that its folding
pathway is enthalpy-driven and that it produces a more or-
dered system. The substrate is trapped in the catalytic center
by the formation of the P1.1 pseudoknot, which is the limit-
FIGURE 5 Structure, cleavage activity, and ITC analysis of the
Rz-G80U/C76A mutants. (A) Schematic representation of the secondary
structure of the HDV Rz. The G80U and C76A mutations are indicated
by the blue circles. (B) Autoradiogram of a denaturing PAGE gel of the
cleavage reaction performed with a trace amount of 50-32P-labeled substrate
and 200 nM of either the original Rz (lane 1), the Rz-G80U mutant (lane 2),
or the Rz-G80U/C76A (lane 3) mutant. Aliquots were removed after 1 h and
analyzed on the gel. The positions of both the substrate (S) and the product
(P) are indicated. (C) Revised evolution of the Gibbs free energy (DG) in-
cluding the value for the Rz-G80U/C76A mutant (light blue).ing step of the process. The P1.1 pseudoknot required some
energy to be formed most likely to undergo the important
conformational change that stacks together P1-P1.1-P4 bury-
ing aromatic moieties. Structural rearrangements then suc-
cessively occur, contributing to the correct positioning of
the catalytic cytosine near the scissile phosphate within the
RzS* transition complex. Clearly, ITC provides a new di-
mension in the study of the molecular mechanism of HDV
Rz and has great potential in the study of many more
RNA species.
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